Changes in the mRNA and protein expression of renin-secreting cells in the juxtaglomerular apparatus (JGA) were examined in the rat following administration of ZENECA ZD8731, an angiotensin II receptor antagonist. Doses of 0 or 90 mg/kg were administered daily by gavage for 26 wk. JGA hypertrophy was apparent in histological sections. Immunohistochemistry demonstrated an increase in the number of renincontaining cells in both the afferent arterioles and the interlobular arteries. Similarly, renin mRNA expression, demonstrated by in situ hybridization, had extended to more proximal segments of the afferent arterioles and was also present in efferent arterioles and interlobular arteries. In conclusion, JGA hypertrophy occurred as a result of antagonism of the angiotensin II receptor. Associated with JGA hypertrophy was increased expression of both renin and renin mRNA, indicative of stimulated renin synthesis caused by an exaggerated pharmacological response of renin-secreting cells to the loss of feedback inhibition by angiotensin II.
INTRODUCTION
The renin angiotensin system (RAS) is a regulatory mechanism essential for maintaining cardiovascular homeostasis (4) . Release of the enzyme renin is recognized as the rate-limiting factor in the generation of angiotensin II (All) (25, 27) . Other key components of this biochemical cascade have been identified as angiotensin-converting enzyme (ACE), All receptors, and the precursor protein angiotensinogen and its subsequent peptide breakdown products (15, 22) . The structural unit associated with the RAS, and hence with control of renin secretion, is the juxtaglomerular apparatus (JGA), which comprises afferent and efferent arterioles together with granular renin-secreting cells and the macula densa (1) . Specific physiological interruption of the RAS by, for example, inhibition of ACE has been therapeutically beneficial in the treatment of hypertension and congestive heart failure: alternative treatments have centered around specific inhibitors of renin and the All receptor (2, 12, 24, 26) .
Pharmacological disruption of the RAS has been well documented. Increases in circulating renin levels (14, 17) and hypertrophy and hyperplasia of renin-producing cells of the JGA (3, 27) have been reported following ACE inhibition. Immunohistochemical evidence suggests that an increase in the proportion of renin immunoreactive cells along the afferent arteriole occurs as a result of ACE inhibition (8, 16, 21) , although effects on renin mRNA ex-pression are dependent on the duration of treatment with ACE inhibitors (6, 8, 18, 19) . Increases in plasma renin activity have recently been reported following treatment with an All antagonist (10) . To determine whether the changes in renin expression associated with ACE inhibitors are also common to All antagonists we used immunohistochemistry and in situ hybridization to demonstrate renin-secreting and renin gene-expressing cells, respectively, in the kidney of the adult rat following administration ofZD8731, an angiotensin II receptor antagonist.
METHODS
Experimental Design. Forty male and 40 female Charles River CRL: (WI)BR rats 28 days of age were randomly assigned to 2 experimental groups of equal size. Following an acclimatization period of 11 days, animals were dosed orally, by gavage, with 0 (vehicle control) or 90 mg/kg/day ZD8731 (2-ethyl-4-[(2'-[lH-1,2,3,4-tetrazol-5-yl]biphenyl-4-yl)methoxy]quinoline hydrochloride) for 26 wk. ZD8731 was administered as a suspension in 0.5% hydroxypropyl methylcellulose (HPMC) (Methocel, Dow Chemical Europe) in 0.1% aqueous polysorbate 80 (Tween 80, ICI Specialty Chemicals) and at a dose volume of 5 ml/kg. Volume of dosing suspension was adjusted on a daily basis according to the predose body weight. The study was conducted in accordance with the requirements of the UK Animal (Scientific procedures) Act 1986. Animals of the same sex were housed 5 per cage. Artificial light was controlled to provide 12 hr of darkness and 12 hr of light, and both food and water were available ad libitum. On completion of the dosing period, all animals were killed by inhalation of halothane. Both kidneys were removed from each animal, fixed for 24-48 hr in 10% neutral buffered formalin, processed by standard histological methods, and embedded in paraffin wax; sections, of 4 >m thickness, from each kidney were stained with hematoxylin and eosin (H&E) for light microscopical evaluation.
Additional sections from 5 male and 5 female rats per group were processed for renin immunohistochemistry and used to demonstrate renin mRNA by in situ hybridization.
Immunohistochemistry. For immunohistochemistry, sections were incubated with a purified rabbit Fab fragment to mouse renin (gift from Professor K Poulsen, Copenhagen, Denmark), which cross-reacts with rat renin (20) . Bound antiserum was detected using the peroxidase-anti-peroxidase method.
In Situ Hybridization. The CDNA, 1,400 nucleotides long and containing almost the entire coding sequence for rat renin mRNA, was inserted into the BamHI and HindIII sites of the plasmid pGEM4Z (gift from Dr. K. R. Lynch, University of Virginia). Following linearization with Smal, single-stranded riboprobe was transcribed from the T7 RNA polymerase promoter site in the presence of digoxigenin-11-UTP (DIG) and used to detect mRNA by in situ hybridization, according to methods previously described (9) . Briefly, following rehydration, sections were incubated with proteinase K (100 ~.g/ml) in PBS at 37°C for 15 min. Slides were prehybridized for 1 hr at 37°C in 2 x SSC containing 50% formamide before hybridization with 20 ~l of hybridization buffer (0.01 M Tris HCI pH 7, 1 x Denhardt's, 2 x SSC, 50% formamide, 0.5% SDS, 0.5% Dextran sulfate, 0.25 mg/ml salmon sperm DNA) containing 100 ngl ~l of DIG-labeled probe and incubated overnight at 42°C in a humidified environment. Sections were washed for 1 hr in 2 x SSC and then for a further hour in 0.1 x SSC at 50°C, with frequent changes of buffer. Following a 2-hr incubation with alkaline phosphatase-conjugated anti-DIG antiserum, diluted 1:2,000 in buffer (0.1 M Tris HCI, 0.15 M NaCI), sections were washed in buffer and finally incubated at room temperature in a humid atmosphere (protected from light) in nitroblue tetrazolium chloride (NBT)/5-bromo-4-chloro-3indolyl phosphate (BCIP) substrate, containing levamisole, until a dark blue reaction product developed. Sections were counterstained with hematoxylin, mounted in glycergel, and examined under the light microscope.
RESULTS

Histopathological Findings
Following treatment with ZD8731, nephropathy, characterized by basement membrane thickening, tubular epithelial hyperplasia and basophilia, and interstitial mononuclear cell infiltration, was evident in the cortex. Hypertrophy of afferent vessels in the juxtaglomerular region was also seen. The incidence and severity of both nephropathy and JGA changes were greater in males than in females.
Immunohistochemistry
Renin immunoreactivity was localized to the outer media of the afferent arterioles and was predominant in the superficial cortex. In control kidney, immunohistochemistry revealed renin-containing cells to be confined to the proximal afferent arteriole (Fig. l a) . Following treatment with ZD8731 there was an increase in the proportion of JGA demonstrating renin immunoreactivity, which was apparent in all animals, though noticeably greater in males than females. Further, renin immunoreactivity extended well beyond the juxtaglomerular locus of the afferent arteriole in the direction of the interlobular artery ( Fig. 2a ).
In Situ Hybridization
In situ hybridization signals colocalized precisely with renin immunoreactivity and were limited to the vasculature of the cortex in both groups of animals ; there was no evidence of renin mRNA in either the medulla or papilla. In control kidney, renin mRNA was mainly localized to the vascular pole of the glomerulus (Fig. 1 b) ; renin mRNA was not detected in the proximal tubules. A dramatic increase in renin mRNA signals was observed in kidneys from all animals treated with ZD8731; the increase was apparently greater in males than females. Intense staining was evident in the usual juxtaglomerular position and in the afferent arteriole upstream from the glomerulus (Fig. 2b) .
DISCUSSION
The results of the present study demonstrated a marked change in the distribution and expression of renin and renin mRNA during All receptor antagonism. Colocalization of renin and renin mRNA confirmed that the renin detected by immunohistochemistry was localized to the site of its mRNA synthesis and did not, therefore, result from reabsorption of filtered renin from the tubular fluid and/ or uptake from interstitial fluid (22, 23) . Administration of ZD8731 for 26 wk increased the number of renin-secreting and renin gene-expressing cells in both the JGA and the afferent arteriole. These findings are consistent with an earlier observation of an increase in plasma renin following treatment with the All receptor antagonist, losartan (10) . They further confirm the assertion that plasma renin activity determines the levels of circulating All, which is believed not only to inhibit renin secretion but also to inhibit the renin gene in renal juxtaglomerular cells (11, 18) . A similar increase in the proportion of renin-immunoreactive cells has been reported in rats and mice following administration of ACE inhibitors (8, 21, 27) . There are also reports of increases in renin mRNA levels (8, 18) and renin mRNA distribution (13, 6) .
Despite an apparent increase in the proportion of JGAs and afferent arterioles that expressed both renin and renin mRNA and increased renin synthesis by individual JGAs, the response to All receptor antagonism was not apparent in all JGAs and afferent arterioles. It has been suggested that some JGAs are less active than others and, as a consequence, contain low and hence undetectable levels of renin and renin mRNA (8) . The increase in distribution of both renin and renin mRNA following administration of ZD8731 may be due to enhanced expression of the renin gene by JGAs with normally low levels of expression or due to recruitment of vascular smooth muscle cells, which do not normally express the gene for renin, upstream from the glomerulus. Although the mechanisms regulating renin gene expression are unknown, one hypothesis has been proposed based on the capacity of the adult renal vasculature to reactivate latent renin gene expression in response to physiological perturbations or disease, thereby reverting to the pattern of renin distribution and renin gene expression in the fetus (8) . During maturation of the kidney, renin distribution migrates from afferent and interlobular arteries in the fetus to the juxtaglomerular region in the adult: there is also an accompanying reduction in renin mRNA (7) .
In recent studies spirapril administration to spontaneously hypertensive rats for 28 days produced elevated plasma renin activity but no proportional change in renin mRNA (17) , which suggests that the rate of renin synthesis may be determined by posttranscriptional factors, such as increased renin clearance by the kidney and liver or increased activation of prorenin to renin. Conversely, 15 days of sodium depletion and captapril treatment resulted in dramatic increases in plasma renin concentration, but there were nonproportional increases in renal renin concentration and renin mRNA, which suggests an increase in the level of renin gene transcription and renin biosynthesis (19) .
In summary, antagonism of the All receptor stimulates renin synthesis and renin expression in both the JGA and afferent arteriole, upstream from the glomerulus. The underlying mechanism may be due - FIG. 1. -Immunohistochemical staining of renin and in situ hybridization of renin mRNA on mirror sections from the subcapsular region of control rat kidney, photographed with Nomarski illumination. a) Immunohistochemistry demonstrates dark positive staining at the vascular pole of 2 adjacent glomeruli. b) In situ hybridization results in a dark blue reaction product that is localized to the vascular pole of the same glomeruli. X 250.
FIG . 2. -Immunohistochemical staining of renin and in situ hybridization for renin mRNA kidney tissue section from ZD8731-treated rat, photographed with Nomarski illumination. a) Immunoreactivity present in the wall of the afferent arteriole extends well beyond the juxtaglomerular locus, in the direction of the interlobular artery. b) Hybridization reaction product is localized to the walls of the afferent arteriole, upstream from the glomerulus. x 250. to abolition of the inhibitory feedback control of All on a functionally active adenylate cyclase, which enhances gene expression thereby affecting renin gene transcription and ultimately renin secretion (11) . Alternatively, as in the case of ACE inhibition (5) , it is possible that increased renin expression occurs as a result of recruitment of JGAs and smooth muscle cells along the afferent arteriole, which do not normally express the renin gene. These results provide further confirmation of the plasticity of the kidney vasculature and its ability to modify renin gene expression in response to physiological perturbances.
